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The development of highly active, low-cost, and robust electrocatalysts for the oxygen evolution reaction
(OER) is a crucial endeavor for the clean and economically viable production of hydrogen via
electrochemical water splitting. Herein, cuprous oxide (Cu,O) thin films are deposited on silver nanowire
(AgNW) networks by atmospheric-pressure spatial atomic layer deposition (AP-SALD). AgNW@Cu,O
nanocomposites supported on conductive copper electrodes exhibited superior OER activity as
compared to bare copper substrate and bare AQNWs. Moreover, a relationship between Cu,O thickness
and OER activity was established. Notably, the most effective catalyst (AgNW@50nm-thick Cu,0O)
demonstrated very high OER activity with a low overpotential of 409 mV to deliver a current density of

10 mA cm™ (510), a Tafel slope of 47 mV dec™, a turnover frequency (TOF) of 4.2 s at 350 mV, and
Received 2nd May 2024 e . . . — .
Accepted 26th June 2024 good durability in alkaline media (1 M KOH). This highlights the potential of AQNWs as a powerful

platform for the formation of highly efficient copper oxide catalysts towards OER. This work provides

DOI: 10.1039/d4na00364k a foundation for the development of nanostructured Cu-based electrocatalysts for future clean energy
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1. Introduction

The ever-increasing global energy demand and severe environ-
mental concerns have strengthened focus on developing brand-
new clean and renewable energy sources."” In this context,
green hydrogen produced from electrochemical water splitting
is expected to be a major contender for future energy conversion
technologies.>* Despite its huge potential to meet clean energy
requirements, widespread adoption of water splitting tech-
nology is severely hampered by the thermodynamic uphill
oxygen evolution reaction (OER), involving several proton and
electron transfer steps with a high Gibbs free energy, resulting
in high overpotentials that drive the overall process.>® There-
fore, the deployment of water electrolysis as a viable process for
clean hydrogen production largely hinges on the development
of efficient and inexpensive OER catalysts.>*® Over the past few
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years, many compounds have been proposed as OER electrode
materials, particularly transition metal-based electrocatalysts,
such as oxides,"** phosphides,'** and sulfides,'* among
others. Among them, Cu-based materials emerge as compelling
candidates on account of their cost, earth-abundance of Cu, and
non-toxicity.””*® Despite all these advantages, very few studies
have focused their attention on this class of materials towards
OER targeted applications. For instance, Chun-Chao Hou et al.,
have reported Cu-based nanowire arrays targeted for OER
application that showed 7,, about 530 mV, remaining stable for
at least 7 h." Similarly, Yu et al. have recently reported Cu,O
layers for OER catalysis with 7, = 500 mV, which worked at
a steady state value for at least 15 h.*” Even though the Cu-based
electrodes in the above-mentioned works were found to show
appreciable OER performance, their activity and stability are
unsatisfactory when compared to the benchmark OER electro-
catalysts (i.e., IrO, and RuO,).>** Hence, the development of
Cu-based electrocatalysts with high catalytic activity and
stability remains a challenge. This is aligned with the develop-
ment of conducting supports such as a Ag framework that
increases the surface-active sites, which can be synthesized with
scalable processes such as spray coating,”® chemical vapor
deposition,* and solution-phase approaches,” among others
that result in catalysts with very high OER activities and
stabilities.*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Herein, we demonstrate a novel approach for the fabrication
of Cu,0 thin films grown on Ag nanowire (AgNW) networks for
efficient electrocatalytic water oxidation. The AgNW networks
can be easily deposited on the surface of copper substrates
through a simple spray coating process,””*® followed by the
atmospheric-pressure spatial atomic layer deposition (AP-SALD)
of Cu,O films having different thicknesses. Thus, the whole
process takes place at atmospheric pressure and is compatible
with high-throughput fabrication methods such as roll-to-
roll.>?** The Cu,O film structure, morphology, and properties
have been previously optimized to produce conformal, pure,
and homogeneous deposition.**3*

Electrochemical measurements showed that the obtained
OER performance correlates with Cu,O thickness, with the
highest OER performance attained for Cu,O coatings 50 nm
thick: 7,0 = 409 mV and a Tafel slope of 47 mV dec . To the
best of our knowledge, these results are comparable and even
surpass the performance of hitherto reported Cu-based OER
electrocatalysts. This demonstrates that combining metallic
nanowire networks with a thin oxide active layer is a promising
strategy to enhance the performance and cost-efficiency of the
water splitting process.

2. Experimental section

2.1. Deposition of AgNW networks

AgNWs dispersed in isopropanol were supplied by Protavic and
synthesized by polyol process in the presence of poly(vinyl
pyrrolidone) (PVP). The nanowire had a length and diameter of
8 um and 80 nm, respectively. The AgNW suspension (23.6 g
L") was diluted down 100 times prior to deposition. AgNWs
were deposited onto Cu substrates through a home-made
pneumatic spray system with a N, flow at 3 bar and a flow
rate of 5 drops every 20 seconds. Cu substrates were heated up
to 110 °C during the spraying in order to facilitate the solvent
evaporation. The desired resistance, i.e. the network density,
was controlled by adjusting the number of spray cycles.

2.2. Deposition of Cu,O coatings

The depositions were performed with a homemade AP-SALD
system, as described in our previous works.** Cu(i)(hfac)(tmvs)
(Epivalence, Limited) was used as Cu precursor, heated at 60 °C
while the transport line between the bubbler and the manifold
injection head was heated at 65 °C to avoid any condensation of
the precursors within the lines. The substrate was heated at
220 °C during the depositions. A mass flow of 60 sccm was used
for the precursor, which was diluted in an extra nitrogen flow of
60 sccm before being sent to the injection head. In addition,
water was carried using a mass flow of 120 sccm, diluted with an
extra 120 sccm N, flow with a nitrogen barrier of 120 sccm per
outlet. The growth per SALD cycle was estimated as 0.35 +
0.05 nm per cycle from ellipsometry analysis. The precursor and
water were injected continuously from the manifold head onto
the substrate that oscillated at a scanning speed of 10 cm s~ *. A
copper substrate was used to grow the AgNW®@Cu,O
nanocomposites.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.3. Characterization techniques

The film structure was analyzed by X-ray diffraction using
a SmartLab Rigaku diffractometer (Rigaku Corporation, Tokyo,
Japan) in Bragg Brentano mode, equipped with a rotating anode
of Cu K, radiation operating at 45 kV and 200 mA. The surfaces
morphology of the thin films was observed by scanning electron
microscopy (SEM-FEG), GeminiSEM 300, equipped with a SDD
(BRUKER AXS-30 mm?) for EDS analysis. The pH measurement
was performed with an InLab Versatile Pro pH electrode from
Mettler Toledo. Ellipsometry was used to obtain the film
thickness of Cu,O coatings on glass substrate, using a compact
Film Sense FS-1 ellipsometer.

2.4. Electrochemical measurements

The electrochemical measurements were conducted in a typical
three-electrode configuration in a one-compartment electro-
chemical Teflon cell filled with 1 M KOH as electrolyte. The
fabricated copper-based materials were used as the working
electrode, while the reference electrode and counter electrode
were an Ag/AgCl electrode and a Pt wire, respectively. The
applied potential of the working electrode was controlled using
a VersaSTAT 4 potentiostat. The potentials vs. the Ag/AgCl
reference electrode were converted to the reversible hydrogen
electrode (RHE) scale according to the equation:

Erng = Eagiager +0.059 pH + Epag/agc

where Exg/agci is the measured potential against the reference
electrode and Epsg/agct = 0.197 V at 25 °C. Linear sweep vol-
tammetry (LSV) curves were acquired with a scan rate of 5 mv
s~'. Tafel slopes were derived from iR-corrected polarization
curves by fitting experimental data to equation n = a + blog j,
where 7 is overpotential, a is Tafel constant, b is Tafel slope, and
J is the current density.

The iR drop of the measurements was corrected for the
solution resistance, which was determined using the electro-
chemical impedance spectroscopy (EIS) technique.*® EIS
measurements were conducted in potentiostatic mode with
a frequency ranging from 100 kHz to 0.1 Hz, an AC voltage of
5 mV and under the potential corresponding to 1.65 V, where all
tested electrodes underwent OER process.

3. Results and discussion

Fig. 1a depicts the spray-coating process for depositing AgNWs
onto copper electrodes at a mild temperature (110 °C) to prevent
substrate oxidation. Following AgNW spray deposition, the
Cu,O thin film is deposited by AP-SALD on top of the AgNWs to
fabricate the nanocomposites (AgNWs@Cu,0), as schemati-
cally shown in Fig. 1b. The specimen is static for the AgNW
spray deposition while the airbrush is moving above the
substrate; for the Cu,O coating the AP-SALD head is static and
the sample is moving. The use of such relative movements
enables to obtain samples that are spatially homogeneous.
Several samples were studied, namely, bare AgNWs on top of

Nanoscale Adv., 2024, 6, 4426-4433 | 4427
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Fig.1 Schematic illustration of the deposition process for (a) AGNW networks, and (b) Cu,O thin films to fabricate AQNW@Cu,O nanocomposite

networks (note that this drawing is not to scale).
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Fig. 2 Structural characterization by X-ray diffraction of various
composite catalysts grown on Cu sheets.

a copper electrode, along with AgNW@Cu,O composite elec-
trodes having with different Cu,O thicknesses.

The structure of the resulting catalysts was investigated
using XRD (Fig. 2). The XRD diffraction pattern of bare AgNW
networks on the Cu substrate reveals two main intense peaks at

A

26 angles of 43.36° and 50.53°, corresponding to the (111) and
(200) planes of the Cu substrate (JCPDS no. 04-0836). In addi-
tion, the pattern also shows two much less intense peaks at
38.1° and 44.56°, which correspond to metallic AgNWs (JCPDS
no. 040783).*” Finally, the patterns of composites with different
oxide thickness, namely, AgNWs@50 nm-thick Cu,O and
AgNWs@100 nm-thick Cu,O, show an additional weak peak at
36.45° which can be indexed to the (111) planes of Cu,O (JCPDS
No. 05-0667, reference XRD patterns for the SALD Cu,O films
can be found in our previous reports).** Furthermore, XPS
studies performed on equivalent Cu,O thin films showed only
traces of Cu',*®* while silver will be observed as Ag 3d
satellites.****

The morphology of as-deposited samples was assessed
through SEM. Micrographs of AgNWs (Fig. 3a and d), show the
typical morphology of AgNW networks. The nanowires homo-
geneously cover the surface of the copper sheet with a diameter
of about 70 nm. The copper surface morphology beneath the
AgNWs exhibits a rather rough texture with small pores. The
surface morphologies of AgNWs@50 nm-thick and 100 nm-
thick Cu,O samples are shown in Fig. 3b, c, e, and f, respec-
tively, where a thin layer of Cu,O coats uniformly the surface of

Fig. 3 Morphological analysis of various coatings deposited on Cu sheet. Low and high magnification SEM images of (a and d) bare AgNWs, (b
and e) AgNWs@50 nm-thick Cu,O, and (c and f) AgNWs@100 nm-thick Cu,O.
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Fig. 4

the AgNWs. Notably, the apparent diameter of AgNWs increases
upon growing Cu,O by AP-SALD leading to diameters of about
~100 nm. A lower Cu,O film thickness results in a smoother
layer with smaller grains, which tends to increase as the film
thickness increases. This phenomenon was previously observed
in our previous work involving the deposition of Cu,O layer with
different thicknesses on top of textured silicon hetero-
junctions.* Overall, the coating appears quite uniform and
conformal, demonstrating the potential of using AP-SALD
coating to achieve optimum conformality on the nanowires.
Additionally, the composition of the various samples was
assessed by means of EDX analysis. The EDX spectrum of
AgNWs@50 nm-thick Cu,O (Fig. 4a) shows as expected the
presence of oxygen, silver, and copper peaks without any
detectable impurity.

View Article Online
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(a) EDX spectrum of AgNWs/50 nm-thick Cu,O. (b—e) SEM image and the corresponding elemental maps of AgNWs@50 nm-thick Cu,O.

Furthermore, the elemental mapping, as determined by EDX
(Fig. 4b-e), confirms that the Cu,O coating is uniformly
distributed along the AgNW backbone. Similar results were
obtained for AgNWs/100 nm-thick Cu,O (Fig. S1 and S2,f
respectively).

To test the electrochemical performance of as-synthesized
samples, a 3-electrodes configuration in 1 M KOH solution
with a scan rate of 5 mV s~ was employed. Initially, the OER
electrocatalytic activities of bare Cu foil, AgNWs, AgNWs@50
nm-thick Cu,0, and AgNWs@100 nm-thick Cu,O were evalu-
ated using the LSV technique. In polarization curves reported in
Fig. 5a, the catalytic performance follows the following order:
bare copper sheet < bare AgNWs < AgNWs@100 nm-thick Cu,O
< AgNWs@50 nm-thick Cu,O. Specifically, bare AgNWs,
AgNWs@50 nm-thick Cu,O and AgNWs@100 nm-thick Cu,O
show an OER activity that by far outperforms that of bare Cu
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Fig.5 OER performance of various coatings grown on Cu sheet in 1 M KOH. (a) Polarization curves, (b) corresponding Tafel plots, (c) comparison
of n10 and Tafel slopes of some recent representative reports of copper-based OER catalysts, (d) current density plots, and (e) TOF plots.
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Table 1 Comparison of previously reported Cu-based electrocatalysts for oxygen evolution reaction

N0 (MV) vs. Tafel slope TOF at Duration of
Catalyst Fabrication method RHE (mv dec™) 350 mV (s™') Electrolyte Electrode stability test (h) Ref.
Cu(OH),/CuO  Galvanostatic anodization 417 76 — 0.1 M KOH Copper foam 22 43
Cu(dto)/C In situ electrochemical 400 81 — 1M KOH  Glassy carbon — 44
transformtion electrode
Cu(OH),/CM  In situ chemical oxidation 484 143 — 1M KOH Copper mesh 16 45
CuFe,0, NFs  Electrospinning 440 82 — 1M KOH  Glassy carbon 5.5 46
electrode
CuzP/Cu mesh Phosphorization of Cu mesh 380 72 — 1MKOH  Copper mesh 10 47
2D CuO Chemical bath deposition 350 59 — 1M KOH  Stainless steel 10 48
CuO Chemical solution 475 90 — 1M KOH  Fluorine doped 10 49
deposition method + annealing tin oxide
Cuy 5Nig 50 Hydrothermal synthesis 420° 60 — 0.1 M KOH Platinised 4 50
silicon
CuO Chemical solution method 400” 144 — 0.5 M KOH Cu foam 6 51
CuS/CuO/CS  Solvothermal method 390 82 1MKOH Cu sheet — 52
AgNWs@Cu,O AP-SALD (open atmosphere) 409 47 4.2 1MKOH Cu sheet 25 This
work

7 1mA em 2 2 20 mA em™2.

substrate, with 7o of 427 mV, 409 mV, 416 mV, and 452 mV,
respectively. The lowest value found for the thinner Cu,O
sample clearly suggests its superior catalytic behaviour. To
investigate the catalytic kinetics of the two coatings, we evalu-
ated the Tafel slopes extracted from LSV plots. A small Tafel
slope usually suggests well-balanced kinetics throughout the
water oxidation process.*®

Fig. 5b shows the corresponding Tafel plots of the different
catalysts. Tafel slopes of 68 mV dec™ ', 56 mV dec™ ', and 52 mV
dec™! were observed for Cu sheet, AgNWs, and AgNWs@Cu,O
100 nm, respectively. Likewise, the lowest slope of AgNWs@50
nm-thick Cu,0 (44 mV dec ') suggests its augmented OER
kinetics. The overpotential is largely dependent on the active
surface area, and thus the enhanced results of the samples
incorporating bare and coated AgNWs can be ascribed to the
increased surface area. As far as the Tafel slope is concerned, it
should be noted that it increases when large potential drops
occur. The Ag nanowires could outperform as they realize

a
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a conductive highly porous backbone, leading to a low Tafel
slope. Significantly, the 7,, and Tafel slope of AgNWs@50 nm-
thick Cu,O is lower than most of the latest reported Cu-based
electrocatalysts (see Fig. 5¢ and Table 1); the lower 7,, needed
to steer the OER reaction underscores the superior catalytic
proficiency of the present catalyst, whilst the reduction in the
Tafel gradient suggests a faster electron transfer capacity on the
electrode surface. EIS was employed to probe the charge
transport kinetics at the electrode/electrolyte interface. The
Nyquist plots of all samples in 1.0 M KOH at a potential of
1.65Vvs. RHE are given in Fig. S3.7 Charge transfer resistance
follows the following order: bare Cu sheet < bare AgNWs <
AgNWs@100 nm-thick Cu,O < AgNWs@50 nm-thick Cu,O.
Overall, the AgNWs network morphology and thin Cu,O layer
serve the purpose of decreasing the charge transfer resistance
and facilitate ionic diffusion, giving rise to the superior OER
kinetics. Moreover, it is important to probe the possible reason
behind the different electrocatalytic activity of the various

(a) Chronopotentiometric curve and (b) SEM after OER of AgNWs@ 50 nm-thick Cu,O.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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samples. In this regard, Electrochemical Active Surface Area
(ECSA) was evaluated by measuring the double-layer capaci-
tance (Cq) from the non-faradaic region of CV curves (further
details are provided in ESI and in Fig. S47).

As shown in Fig. 5d, the Cq4 of the AgNWs@50 nm-thick
Cu,0 (185 mF cm 2) is much higher than that of
AgNWs@100 nm-thick Cu,O (6.5 mF cm ™ ?), AgNWs (3.6 mF
ecm ?) and Cu sheet (1.6 mF cm ). The higher Cgq for the
thickest sample is likely to be ascribed to its augmented surface
area.>»

The TOF parameter is crucial for assessing the OER perfor-
mance because it is a hint of the intrinsic electrocatalytic
activity of a catalyst. As presented in Fig. 5e, AgNWs@50 nm-
thick Cu,O presents higher TOF values at 350 mV of over-
potential (4.2 s~') compared to those of AgNWs@100 nm-thick
Cu,0 (2.4 s7'), AgNWs (1.9 s ') and Cu sheet (0.4 s %),
demonstrating its improved O, generation for each active site.

Based on an overall examination of the above electro-
chemical results, it can be inferred that the OER activity of the
investigated catalysts is positively influenced by a reduction in
thickness. As previously reported,"** the reduced electro-
chemical performance for thicker samples can be ascribed to
a higher potential drop occurring from the substrate to the top
of the sample, which leaves a high portion of the film at
a potential not sufficient to drive the electrochemical reaction.

Finally, the long-term stability of the most active catalyst was
investigated through chronopotentiometric test. As illustrated
in Fig. 6a, the voltage at a current density of 10 mA cm™ > shows
only a slight increase upon 25 h of testing, demonstrating the
stability of the electrode. SEM images of the sample after the
chronopotentiometric test (Fig. 6b) reveal that the integrity of
the composite is maintained. However, a change of morphology
of the Cu,O layer can be clearly observed. Such morphological
evolution and its possible impact in the performance and
stability of the catalyst needs to be further evaluated in future
works.

From the above catalytic trend, we conclude that the AgNW
network provides a significant increase in the catalytic activity
compared to bare Cu substrate, which may be attributed to the
following aspects: (1) enhanced electron transport owing to very
high conductivity of Ag; (2) improved support-catalyst contact
area, (3) excellent mass transfer for the escape of oxygen
bubbles.>*>*

Conclusions

In summary, we present the fabrication of Cu-based nano-
catalysts aimed at enhancing the OER performance on the
surface of AgNWs-coated copper substrates. Cu,O thin films
deposited on AgNWs providing a higher-dimensional network
exhibited very good catalytic performance for electrocatalytic
water oxidation. AgNWs@50 nm-thick Cu,O grown on the
surface of Cu sheet showed a lower 7, and Tafel slope
compared to thicker catalyst and bare AgNWs. The enhanced
catalytic efficiency can be attributed primarily to the signifi-
cantly larger surface area and unique characteristics to furnish
more active and accessible sites for catalysis. In addition, the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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electrodes presented here were fabricated by scalable, low-cost
approaches. These results not only demonstrate the potential
of nanostructured Cu-based electrode materials as low-cost,
eco-friendly, and highly efficient electrocatalysts towards OER,
but also trigger future research on this emerging class of elec-
trode materials for water-splitting and other lectrochemical
applications.
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